We investigated the dielectric properties of fish flesh samples, which are the most important parameter in microwave heating. Both raw and preheated samples were investigated since the microwave is used not only for heating, but also for reheating. The dielectric properties of three kinds of fish commonly consumed in Japan were measured from 10℃ to 90℃, at 10℃ intervals. The influences of frequency, temperature, moisture content, lipid content, protein denaturation, and heat treatment on dielectric properties were examined. With increasing temperature, the dielectric constant of the raw samples decreased more sharply than that of the preheated samples, which was due to moisture loss during heating caused by protein denaturation. To investigate the influence of protein denaturation, Lichtenecker's formula was applied to estimate the dielectric properties of solid fish flesh. Results showed that the dielectric properties of fish flesh related to temperature were predictable by regression equations. Moisture content was the most important factor influencing the dielectric properties of the fish flesh samples during heating (reheating), while no significant effect was found to be directly caused by changes in the protein structure of fish flesh after denaturation.
Introduction
With the development of heating technologies for food processing, microwave (MW) heating has increasingly been employed for both cooking and reheating due to its great speed and convenience (Mara et al., 2008) . MW heating is described by Maxwell's equations, and the dielectric properties are the most important physical properties associated with MW heating from an engineering viewpoint (Icier and Baysal, 2004; Sosa-Morales et al., 2010) . Dielectric properties determine the interaction of electromagnetic energy with the materials (Tanaka et al., 2008) , and provide a better understanding on the behavior of MW heating (Mudgett, 1994; Ahmed et al., 2007b) in a selected frequency range. The dielectric constant (εʹ) and dielectric loss factor (εʺ) determine the heat generation and change in response to the ingredients and temperature of the food when heated by MW . εʹ and εʺ represent the real and imaginary units, respectively. Complex relative dielectric properties are defined as ε* = εʹ − jεʺ, where j 1 = -stands for the imaginary unit, εʹ reflects the material' ability to restore electrical energy, and εʺ describes the material's ability to dissipate energy (Mudgett, 1994) .
In the past decades, the dielectric properties of various materials, such as fruits and vegetables, meats, starches, and other foods (Nelson et al., 1994; Sipahioglu, et al., 2003; Wang et al., 2003; Liu et al., 2009) , have been investigated. The major factors that influence the dielectric properties of materials, such as frequency, temperature, moisture content and salt content, have been studied and reported (Berbert et al., 2001; Feng et al., 2001) . Moreover, useful experimental data and conclusions on dielectric properties and dielectric measuring techniques have been provided via comprehensive reviews (Ryynänen, 1995; Venkatesh and Raghavan, 2005; Sosa-morales et al., 2010) . However, limited reports are available on the dielectric properties of aquatic products (Wang et al., 2008) .
Aquatic products such as fish, especially sea fish, are desirable foods because of their good flavor and nutritional contents. Currently, an increasing number of aquatic products Dielectric properties measurement equipment The dielectric constant and dielectric loss factor of samples were measured using a dielectric constant measurement equipment. A diagram of the equipment is shown in Fig. 1 . The equipment system consisted of an open-ended coaxial probe (HP85070B, Hewlett Packard Corp., Santa Rosa, CA, USA), a network analyzer, a probe cable, a computer system with the accompanying software, and a constant humidity and temperature chamber Tabai Espec Corp., Osaka, Japan) . The open-ended coaxial probe was fixed inside the chamber. It was cleaned using distilled water and the instrument was calibrated by measuring the properties of air, the short-circuit block (Metallic short block), and water at 25℃ before measurements. The instrument was turned on at least 2 h before calibration and measurements were made to obtain uniform readings (Ahmed et al., 2007a) .
DSC analysis and determination of moisture and lipid contents Protein denaturation was investigated by DSC (Pyris1, Perkin-Elmer, Norwalk, CT, USA). Fish samples (15 − 20 mg) were accurately weighed and placed in volatile aluminum pans, sealed and allowed to equilibrate at an initial temperature (25℃) for 10 min. The pans containing the samples were heated at a rate of 10℃/min over a range of 25℃ to 110℃, and an empty pan was used as the reference. All measurements were performed in triplicate.
The moisture content of the samples was measured by drying the samples in a vacuum oven for 6 h at 75℃ and 65 Pa, in accordance with Section 934.06 of AOAC (1995) (Wang et al., 2008) . The fat content was determined by the modified Folch method (Folch et al., 1956) . Each measurement was performed three times.
Experimental procedures For raw samples, cubes from each fish species were divided into three groups (A, B, and C), and each group was divided into nine subgroups (as measurements were taken at nine different temperatures points). Group A was used for the dielectric properties measurement, are processed by microwave; however, only a few studies have investigated the dielectric behavior of these products such as surimi and kamaboko (Mao et al., 2003; Mao et al., 2005) . Therefore, systematic investigation of the dielectric properties of fish flesh is necessary.
Additionally, the majority of research on dielectric properties has involved raw materials, while little attention has been paid to preheated materials. Currently, a high percentage of convenience food is specially designed for microwave heating, with the bulk being precooked or prefried. As microwaves are also used for reheating, it is notable that the dielectric properties of preheated materials could potentially be different from those of raw materials due to various factors such as protein denaturation, moisture or iron loss. Brunton recorded the dielectric properties of beef biceps femoris muscle at several frequencies during heating (5 − 85℃) to assess their association with phase changes monitored by differential scanning calorimetry (DSC) (Brunton et al., 2006) . The structure of denatured meat, which was compounded with physical shrinkage, was found to influence the dielectric constant at 65 − 66℃ (denaturation of collagen). Thus, as MW is used for both cooking as well as reheating, investigation on the frequency-and temperature-dependent dielectric properties of both raw and preheated (cooked) materials is necessary.
To expand our knowledge about MW heating of fish products, three kinds of sea fish widely consumed in Japan: red sea bream (Pagrus major), yellowtail (Seriola quinqueradiata), Atlantic salmon (Salmo salar) were used as samples in this study. The dielectric properties of raw and preheated fish samples were measured at different MW frequencies from 10℃ to 90℃ (at 10℃ intervals) to examine the influence of temperature, frequency, moisture content, lipid content, protein denaturation, and heat treatment on the dielectric properties of the samples. Additionally, the penetration depths, which were calculated from the dielectric constant and loss factor, of the samples were compared.
Materials and Methods
Sample preparation All samples were farmed fish obtained from the supermarket. Red sea bream and yellowtail were cultured in Kagoshima prefecture and Kumamoto prefecture respectively in Japan, and Atlantic salmon was imported from Chile. Fish samples were prepared by cutting the fish fillets into small cubes (2 × 2 × 2 cm); red sea bream and yellowtail were fresh, while Atlantic salmon was thawed. Preheated samples were prepared by placing the raw sample cubes inside a chamber with a constant temperature of 90℃ and a constant humidity of 80%. The procedures are described in detail in the experimental procedures section. (1) Constant moisture and temperature cavity, (2) Laboratory jack, (3) Sample and container, (4) Open-ended coaxial probe, (5) Network analyzer, (6) Computer with software, (7) Fan and film, and placed inside the chamber. Next, the chamber temperature and humidity were set to 90℃ and 80%, respectively, and the sample was heated for about 1 h. After the temperature of the sample has stabilized at 90℃, monitored using a Type-T thermocouple, the sample was cooled to 10℃. Measurement of the dielectric properties of preheated fish samples was performed from 10℃ to 90℃, at 10℃ intervals, similar to the procedures described above for the raw fish samples.
Results and Discussion
Dielectric properties of raw samples The dielectric constant and loss factor of the raw samples at various temperatures were measured at 915 and 2450 MHz. Changes in the dielectric constant and loss factor showed similar trends with increasing temperature, as shown in Fig. 2 .
In this study, the dielectric constant of all samples decreased with increasing temperature at 915 and 2450 MHz, while the loss factor increased with increasing temperature at 915 MHz. Changes in the dielectric properties of the three fish species at 915 and 2450 MHz with increasing temperature were found to follow second order polynomial equations, as shown in Table 1. while group B were just used for temperature monitoring using a Type-T thermocouple at the same time. Group C was used for measuring the moisture content during heating or reheating.
Before measurement, samples stored overnight at 4℃ were removed from the refrigerator and placed in customized acrylic containers. A coaxial probe with a laboratory jack downside was connected to the container, ensuring close contact between the probe tip and sample during measurements (Wang et al., 2003) . Next, a customized plastic cover and plastic film were used to seal the samples to prevent moisture loss due to the heating media (hot humid air) and protein denaturation. Both the coaxial probe and the contained samples were placed in the temperature-and humidity-controlled chamber, and hot (or cold) humid air was used to heat (or cool) the samples. Each subgroup contained four samples, allowing us to obtain an averaged value for measurements made at each temperature point. The dielectric properties of the raw fish samples were then measured in the usual cooking temperature range from 10℃ to 90℃, at 10℃ intervals.
Preheated samples were prepared from raw fish. For each measurement, a raw fish cube was placed in close contact with the tip of the coaxial probe, sealed using a plastic cover Dielectric Properties of Fish Flesh 
where λ 0 , the free space MW wavelength, was 327.6 mm for 915 MHz and 122.4 mm for 2450 MHz. Figure 4 shows the frequency-(915 and 2450 MHz) and temperature-dependent penetration depth for the three fish species. The penetration depth showed a similar trend with increasing temperature between the different species; it decreased with an increase in frequency at the same temperature, which is attributed to the effect of wavelength (λ 0 ) (Ahmed et al., 2008) . At a lower frequency, the quick increase in εʺ with increasing temperature that resulted in decreased penetration depth is probably in response to the increased degree of dielectric dispersion due to ionic conductivity as the temperature increased (Nelson and Bartley, 2001.) . Differences in penetration depth between temperatures in the same sample become smaller with increasing frequency due to the smaller temperature-dependent dielectric loss factor (Mao et al., 2003) . Therefore, frequency showed a greater impact on penetration depth than temperature (Wang et al., 2008) . However, because it was calculated from the dielectric properties, the penetration depth was also affected by the material's properties. Using red sea bream as an example, the lowest penetration depth was observed at 915 MHz and 2450 MHz due to high moisture content.
Investigation of protein denaturation and moisture loss in samples during preheating The dielectric properties, as shown in Fig. 2 and Fig. 3 , were considered to be affected by temperature, frequency, and moisture loss due to protein denaturation during heating. For further study, we prepared preheated samples for comparison with the raw samples to observe the effect of protein denaturation on dielectric properties and to concurrently assess the experimental method of this study. Additionally, DSC analysis was performed, and moisture and lipid contents of the samples were determined.
The DSC method was used for characterization of thermal protein denaturation in the fish samples, and the average temperature values for myosin and actin denaturation are shown in Table 2 . As no reference data for the DSC analysis In order to investigate the frequency dependence, we measured εʹ and εʺ of the samples at frequencies from 200 MHz to 3.6 GHz. Figure 3 shows the representative results from yellowtail. The dielectric constant and loss factor values decreased with increasing frequency at the same temperature. The loss factor, which has a greater influence on the heating rate for MW dielectric heating than on the dielectric constant, has much less temperature dependence at higher frequencies at the same temperature (Nelson and Battery, 2000) .
Penetration depth Penetration depth (d p ), the distance at which the MW power decreases to 1/e (e = 2.718) of its surface value, is a very important parameter for characterizing MW heating . It is generally used to select the appropriate thickness of food inside packages to ensure a relatively uniform heating along the depth of a food during dielectric heating . The penetration depth can be calculated as follows: group C. The initial moisture content of the raw samples was 77.0 ± 0.5%, 70.7 ± 1.2% and 67.1 ± 1.4% in red sea bream, Atlantic salmon, and yellowtail, respectively. The moisture content of the raw samples changed significantly with the occurrence of protein denaturation during heating (Fig. 5) . Moisture losses of 15.8 ± 1.2%, 12.9 ± 2.7% and 12.3 ± 1.1% were found at the final temperature of 90℃ in of the three fish species were found, T max (peak maximum temperature) of Atlantic cod (Skipnes et al., 2008) was used for comparison. Similar temperature ranges to the T max of myosin (40 − 50℃) and actin (70 − 80℃) were observed.
The moisture content of the raw and preheated samples at various temperatures was determined concurrently with dielectric properties measurement using the samples in Dielectric Properties of Fish Flesh Table 2 . Average values and standard deviation for temperatures (T) (onset, peak and end) and enthalpies (ΔH) of the denaturation of myosin and actin in the samples.
Species
Red creased with increasing lipid content, and the dielectric properties were concurrently affected (Wang et al., 2008) . According to Fig. 2 , the dielectric properties were found mainly to depend on the moisture content of the samples. Red sea bream, the sample with the highest moisture content and lowest lipid content, showed the highest dielectric constant and loss factor values at both test frequencies.
Results of the DSC ( Table 2 ) analysis deduced that the moisture loss of the raw samples during heating is primarily caused by the thermal denaturation of muscle proteins (Bell et al., 2001) . Heating caused denaturation of myosin and actin, shrinkage of myofibrils, and a subsequent expulsion of water (Ofstad et al., 1993) . Greater moisture loss was found at 70℃ than 50℃ during heating, as the sarcoplasma proteins of salmon may denature between 45℃ and 70℃ (Ofstad et al., 1996) and the majority of shrinkage usually occurs with the denaturation of actin near 70℃. Finally, lower moisture losses were found in samples with a higher intramuscular fat content (salmon and yellowtail), which may contribute to the superior liquid-holding capacity (Ofstad et al., 1996) of those species.
Dielectric properties and penetration depth of preheated and raw samples For the preheated samples at all temperatures (Fig. 6) , the dielectric constant and loss factor values red sea bream, Atlantic salmon, and yellowtail, respectively. No obvious changes in moisture content could be found in the preheated samples (red sea beam, Atlantic salmon, and yellowtail) during reheating. It was proven that no further moisture loss could be found except for that caused by protein denaturation during heating or reheating.
Notably, the overflow moisture from the raw fish flesh during heating, which was caused by protein denaturation, was observed to flow to the bottom of the plastic container, and the collected water was not considered to affect dielectric properties measurement, as the sample thickness was about 2 cm.
Moisture loss was the main reason for cooking loss during heating (Kong et al., 2007) . Furthermore, as water is characterized by a high dielectric constant and loss factor as compared to lipids, the effect of the small amount of lipid loss on the dielectric properties of fish flesh during heating (10 − 90°C) was deemed negligible in this study, and only the initial lipid contents were measured. Results showed that yellowtail and Atlantic salmon contained high lipid contents (10.5 ± 1.6% and 13.8 ± 1.1%, respectively), while that of red sea bream was low (2.1 ± 0.1%). In reference to the other being solid fish, which contains protein, lipid. In this context, Lichtenecker's formula could be described as follows:
where ε* is the effective complex dielectric properties of the fish sample, εʹ W and εʹ M are the complex dielectric properties of water and the solid fish, and V W and V M are the volume ratios of water and the solid fish, respectively. Here, V W + V M = 1 must be satisfied. As moisture loss is considered as the main weight loss during heating, it is assumed that no change would occur in the solid fish during heating. Here, we first assumed that protein denaturation has no effect on the dielectric properties of fish flesh, which means no change would be found in the dielectric properties of the solid fish during or after heating. Therefore, the complex dielectric properties of the solid fish could be calculated using Eq. 3 as follows:
As the same tendency was observed in the three species of fish, in this study we chose yellowtail as a representative example. The density of yellowtail flesh was assumed to be 1000 g/m 3 , and as the moisture content of the preheated samples and dielectric properties of water (ε* W ) and the preheated samples (ε*) at different temperatures have already been measured, the dielectric properties (2450 MHz) of solid yellowtail (ε* M ) as a function of temperature was estimated, as shown in Table 4 .
were lower than those of the raw samples (Fig. 2) at both test frequencies (915 and 2450 MHz) due to the loss of moisture content during preheating. As red sea bream contained the highest moisture content and lowest lipid content, it showed the highest dielectric constant and loss factor values at both test frequencies in the preheated samples. Changes in the dielectric properties as a function of temperature for the three species of preheated fish at the two selected frequencies were also found to follow second order polynomial equations as shown in Table 3 . For both the raw and preheated samples, the change in dielectric constant with temperature was found to be similar at the two frequencies, while dielectric losses at 915 MHz showed a steeper line than those at 2450 MHz. Ionic conductivity and dipole rotation are the predominant loss mechanisms (Ryynänen, 1995) . Dipole loss results from the rotation of water dipoles, while ionic loss results from the migration of ions. Generally, dipole loss decreases with temperature, while the ionic loss component increases with temperature at MW frequencies . At frequencies lower than 1 GHz, the rapid increase of the dielectric loss factor was probably due to the influence of ionic loss as the temperature increased (Hu and Mallikarjunan, 2005) . At 2450 MHz, the loss factor remained approximately constant with temperature in both the raw and preheated samples. This could be attributed to the balance between the dipolar and ionic losses resulting in small changes in the loss factor as a function of temperature.
For further study, we used Lichtenecker's formula (or Lichtenecker's logarithm mixed law) (Ebara et al., 2006) to determine whether protein denaturation (changes in protein structure) directly affects the dielectric properties of fish flesh. Lichtenecker's logarithm mixed law is a formula used for calculating the effective complex dielectric properties of a mixture consisting of two or more kinds of dielectric materials, with known volume ratios and complex dielectric properties of each material. We considered the fish sample to be a mixture of two kinds of materials: one being water and Dielectric Properties of Fish Flesh loss caused by protein denaturation during heating in the raw samples resulted in more obvious changes, as water is a dipolar compound that couples more dielectric energy (Tanaka et al., 1999) . Moisture content of the preheated samples during reheating was found to be almost unchanged, thus much less of a decreasing trend in the dielectric constant related to temperature was observed. Penetration depth of the raw and preheated samples was assessed according to species and temperature and comparisons made. The penetration depth of both the raw and preheated samples of different fish species showed a similar trend with increasing temperature. With regard to dielectric properties, the obvious difference between the raw and preheated samples is moisture content. However, the dependence of penetration depth on temperature is complex, because ionic and dielectric losses interact (Tanaka et al., 2005) . The penetration depth of the preheated samples showed a more precipitous change with increasing temperature at 915 MHz than that of the raw samples, which may be due to the imbalance between dipolar and ionic losses, caused by moisture loss after protein denaturation. Little change was found in penetration depth between the raw and preheated samples at the higher frequency of 2450 MHz.
Yellowtail is shown in Fig. 9 as a representative example of penetration depth. The penetration depth of the raw samples at 915 MHz was about 21.34 mm at 10℃, and it was reduced to 10.81 mm at 90℃, while that of the preheated samples was reduced from 25.67 to 10.81 mm. The preheated samples of red sea bream also showed the lowest temperature-dependent penetration depth at 915 MHz and 2450 MHz, as it contained the highest moisture content.
Then, the complex dielectric properties of the raw samples (ε*) at various temperatures were calculated using Eq. 2, with data calculated from the preheated samples of solid yellowtail (Table 4) . We compared the dielectric constants and dielectric loss factors between the measured and calculated results (Fig. 7) , and no obvious difference were found. This agrees with the hypothesis that protein denaturation has no effect on the dielectric properties of fish flesh; therefore, protein denaturation (changes in protein structure) did not significantly influence the dielectric properties of fish flesh other than moisture loss.
Raw and preheated fish were also compared using the dielectric constant data of yellowtail (2450 MHz) as a representative example (Fig. 8) . A large difference was found in the specific value of dielectric constants between the raw and preheated samples with increasing temperature. Moisture • The penetration depth of the preheated samples increased more sharply with decreasing temperature at the two frequencies (915 and 2450 MHz) than that of the raw samples, which may be due to the dielectric imbalance between dipolar and ionic losses caused by moisture loss after protein denaturation. 
Conclusions
The dielectric properties of raw and preheated fish of three different species were measured and compared in the temperature range 10℃ to 90℃, and the frequency range 200 MHz-3660 MHz. Penetration depth was additionally examined. The moisture and lipid contents of both the raw and preheated samples at various temperatures were measured during dielectric properties measurement. DSC analysis was performed to investigate protein denaturation. The influence of moisture and lipid contents, temperature, and frequency on the dielectric properties was investigated and the conclusions are as follows:
• Changes in the dielectric properties of three species fish (both raw and preheated) at two selected frequencies as a function of temperature were described by second order polynomial equations and were found to be calculable to estimate microwave heat generation.
• The complex dielectric properties of fish flesh were estimated by applying Lichtenecker's formula, and the effect of protein denaturation on dielectric properties was investigated. It was shown that only moisture loss, which was caused by protein denaturation in fish flesh during heating, affected dielectric properties. Changes in protein structure during protein denaturation have no direct effect on dielectric properties, indicating that moisture content was the most important factor for the dielectric properties of fish flesh. • Due to moisture loss during heating caused by protein denaturation, the dielectric constant of the raw samples decreased more sharply with increasing temperature than that of the preheated samples. Furthermore, moisture loss showed a greater effect on the dielectric constant than on the loss factor. 
